The bacterial pathogen Pseudomonas syringae modulates plant hormone signaling to promote 23 infection and disease development. P. syringae uses several strategies to manipulate auxin 24 physiology in Arabidopsis thaliana to promote pathogenesis, including synthesis of indole-3-25 acetic acid (IAA), the predominant form of auxin in plants, and production of virulence factors 26 that alter auxin responses in the host; however, the role of pathogen-derived auxin in P. syringae 27 pathogenesis is not well understood. Here we demonstrate that P. syringae strain DC3000 28 produces IAA via a previously uncharacterized pathway and identify a novel indole-3-29 acetaldehyde dehydrogenase, AldA, that functions in IAA biosynthesis by catalyzing the NAD-30 dependent formation of IAA from indole-3-acetaldehyde (IAAld). Biochemical analysis and 31 solving of the 1.9 Å resolution x-ray crystal structure reveal key features of AldA for IAA 32 synthesis, including the molecular basis of substrate specificity. Disruption of aldA and a close 33 homolog, aldB, lead to reduced IAA production in culture and reduced virulence on A. thaliana. 34
The observation that DC3000 produces IAA in culture led us to investigate which pathway(s) 148 DC3000 uses to synthesize IAA (Fig 1) . The DC3000 genome annotation includes a TMO 149 enzyme (PSPTO0518; iaaM; [33] ), but the predicted protein exhibits limited amino acid identity 150 to enzymes with demonstrated IAA biosynthetic activity and is more closely related to a second 151 group of TMO homologs that may function in pathways other than IAA synthesis [13] . Thus, it 152 is unclear whether DC3000 uses the IAM pathway to synthesize IAA. 153
To identify the IAA biosynthetic pathway(s) used by DC3000, we performed IAA precursor 154 feeding experiments using Trp, IAM, IAN, IPyA, TAM, or IAAld and analyzed DC3000 for 155 IAA production by LC-MS/MS. Cultures supplemented with IAM, IAN, and TAM produced 156 small but detectable amounts of IAA compared to cultures grown in HSC alone; however, these 157 levels were relatively low compared to cultures fed with Trp (Table 1 ). In contrast, at least 100-158 to 500-fold higher levels of IAA, depending on the incubation time, were produced when 159 DC3000 was grown in media supplemented with IAAld. This indicates that IAAld is an 160 important intermediate for DC3000 IAA synthesis in culture. 161
The feeding experiments with IPyA were inconclusive, as IPyA is unstable in solution [34] 162 and high amounts of IAA accumulated spontaneously in HSC media containing IPyA, but 163 lacking DC3000 (Table 1) . Given the absence of an obvious ipdc gene in the DC3000 genome, it 164 is unlikely that DC3000 uses IPyA to synthesize IAAld. Thus, we hypothesize that DC3000 165 synthesizes IAA via a pathway involving conversion of Trp to IAAld through a TSO activity [35, 166 36] (Fig 1) . We cannot rule out the ability of DC3000 to produce small amounts of IAA through 167 alternative pathways using IAM, IAN and/or TAM; however, based on the results of our feeding 168 studies these pathways do not appear to contribute significantly to IAA synthesis in culture. 169
Identification of putative PstDC3000 aldehyde dehydrogenase genes 171
Our studies indicate that DC3000 synthesizes IAA via one or more pathways that involve 172
IAAld as an intermediate (Fig 1) . Thus, we predicted that disrupting the final step, which 173 converts IAAld to IAA, would decrease IAA biosynthesis in DC3000. To investigate this, we 174 sought to identify the gene(s) encoding the enzyme(s) responsible for the conversion of IAAld to 175 IAA. Previously, an Azospirilum brasilense mutant (aldA) with decreased IAA production was 176 identified and the mutation mapped to a gene encoding a protein with ~80% amino acid identity 177 to an annotated aldehyde dehydrogenase from Xanthobacter autotrophicus GJ10 [37]. Aldehyde 178 dehydrogenases (ALDs) generally catalyze the conversion of aldehydes to carboxylic acids [38, 179 39] . We predicted that a similar enzyme might metabolize IAAld to IAA in DC3000, and thus 180 utilized the amino acid sequences of the ALDs from A. brasilense and X. autotrophicus to 181 identify putative ALDs in DC3000. 182
Using BLAST, we identified PSPTO_0728, a putative ALD with ~70% amino acid identity 183 to the ALD from X. autotrophicus. We then used the PSPTO_0728 sequence to search the 184 DC3000 genome and identified 5 additional putative ALD homologs, PSPTO_0092, 185 PSPTO_2673, PSPTO_3064, PSPTO_3323, and PSPTO_3644, with ~30-40% amino acid 186 identity to PSPTO_0728. None of these proteins had previously been demonstrated to have 187 dehydrogenase activity, nor were they described as involved in either auxin biosynthesis or 188
DC3000 virulence. 189
We examined whether these proteins could convert IAAld to IAA by expressing each gene 190
individually in E. coli, growing the strains in LB media supplemented with 0.25 mM IAAld, and 191 assaying the resulting strains for IAA production by LC-MS/MS. Background levels of IAA 192 were produced by E. coli carrying the empty expression vector (Fig 2) , consistent with previous 193 reports [17, 31] . Upon induction of expression of the ALDs from DC3000 (S1 Fig.) , we observed 194 increased IAA levels for three of the six proteins. The strains expressing either PSPTO_2673 or 195 PSPTO_3644 showed ~10-and 5-fold increases in IAA levels, respectively (Fig 2A) . Cells 196 expressing PSPTO_0092 showed the greatest accumulation of IAA with an ~200-fold increase in 197 IAA over the empty vector control ( Fig 2B) . Thus, PSPTO_0092, PSPTO_2673, and 198 PSPTO_3644 can convert IAAld to IAA and likely function in DC3000 auxin biosynthesis. We 199 refer to PSPTO_0092, PSPTO_2673, and PSPTO_3644 as AldA, AldB, and AldC, respectively, 200 throughout this study. 
Biochemical analysis of putative IAAld dehydrogenases 213
Based on sequence comparisons, AldA-C are members of the aldehyde dehydrogenase 214 enzyme superfamily [38, 39] (S2 Fig.) . To examine the biochemical activity of the three putative 215
ALDs from DC3000, these proteins were expressed in E. coli as a N-terminal hexahistidine-216 tagged proteins and purified by nickel-affinity and size-exclusion chromatographies. Each of the 217 putative ALDs was isolated with a monomer M r~5 6 kDa, as determined by SDS-PAGE (S3A 218 Fig.) , which corresponds to the estimated molecular weights of AldA (M r = 52.7 kDa), AldB (M r 219 = 53.1 kDa) and AldC (M r = 51.8 kDa) plus the addition of a His-tag. Size-exclusion 220 chromatography of AldA and AldB indicates that each protein functions as a tetramer and that 221
AldC is dimeric (S3B Fig.) . 222
In vitro assays of purified AldA, AldB and AldC using IAAld with either NAD + or NADP + 223 as substrates confirm the major activity of AldA as that of an IAAld dehydrogenase, as each 224 protein converted NAD(P) + to NAD(P)H only in the presence of the IAAld (S3B Fig.) . Each Ald 225 used NAD + with a 10-to 40-fold preference versus NADP + , but AldA had a specific activity 226 (3.52 µmol min -1 mg protein -1 ) using IAAld as a substrate that was 100-and 800-fold higher than 227
AldB and AldC, respectively. AldA-C displayed no changes in specific activities in the presence 228 of calcium, magnesium, manganese, cobalt, nickel, and copper, which suggests that these 229 proteins function as non-metallo NAD + -dependent ALDs. None of the three Alds showed 230 detectable activity with IAA (at 1 mM) and NADH (at 200 µM), indicating a clear preference for 231 the formation of IAA compared to the reverse reaction. Kinetic analysis showed that AldA had a 232 catalytic efficiency (k cat /K m ) with IAAld as a substrate that was 130-and 710-fold higher than 233
AldB and AldC, respectively (S1 Table) . AldA also showed more than a 300-fold higher k cat /K m 234 with NAD + compared to NADP + . A similar cofactor preference was observed for AldB and AldC. 235
The low activities of AldB and AldC did not allow for accurate determination of kinetic 236 parameters for NADP + . These biochemical comparisons suggest that AldA functions as an 237
IAAld dehydrogenase and that AldB and AldC likely prefer other aldehyde substrates in vivo. 238
239
Overall three-dimensional structure of AldA 240
To explore the molecular basis of IAAld dehydrogenase activity of AldA, its three-241 dimensional structure was determined by X-ray crystallography. The X-ray crystal structures of 242
AldA in the apoenzyme, NAD + complex, and NAD + •IAA complex forms were determined (S2 243   Table) . In each structure, two AldA monomers were in the asymmetric unit and packed to form a 244 dimer, which then form a tetramer by crystallographic symmetry ( Fig 3A) . The interface 245 between two monomers buries ~2,450 Å 2 of surface area with a ~3,800 Å 2 interface between 246 each of the dimer units. The overall fold of AldA shares structural similarity with ALDH2-3 247 The AldA•NAD + and AldA•NAD + •IAA crystal structures define the position of the active 285 site between the catalytic and cofactor binding domains ( Fig 3B-C) . Although the ligand binding 286 sites occupy two separate pockets on opposite sides of the monomer ( Fig 3C) , both sites are 287 linked by a ~25 Å tunnel that places the reactive groups of the co-substrates in proximity to 288 Cys302 ( Fig 3D) . Comparison of the AldA crystal structures suggests that ligand binding results 289 in structural changes that order the active site (S3D Fig.) . The a11-b14 loop (residues 297-305), 290 which contains Cys302, is disordered in the apoenzyme structure and has average temperature 291 factors ~1.8-fold higher than surrounding residues. Likewise, a ~50 amino acid region of the 292 catalytic domain (residues 348-397; a13-b15-b16-a15-b17-b19) is disordered in the apoenzyme 293 structure and displays elevated B-factors in ligand bound structures. 294 295
Structure of the AldA active site 296
Unambiguous electron density in the AldA•NAD + and AldA•NAD + •IAA crystal structures 297 identifies the respective ligand binding sites ( Fig 4A) . In the NAD + binding site, the cofactor is 298 bound in a hydrophobic tunnel ( Fig 4B) . The adenine ring of NAD + lies in an apolar region that 299 provides multiple van der Waals contacts. The adenine ring also forms two hydrogen bonds 300 between the hydroxyl group of Tyr255 and a water. The adenine-ribose rings provide extensive 301 polar interactions with AldA. The 2'-hydroxyl hydrogen bonds with Lys191 and Glu194. 302
Interactions with Ser193, Ser245, and Trp167 position the phosphate backbone in the binding 303 site. The nicotinamide-ribose forms a bidentate interaction with Glu401 and the nicotinamide 304 ring is bound by a water-mediated interaction with Thr243 and through a hydrogen bond from 305
Glu267. Sequence comparisons show a conserved NAD + binding site in AldA, AldB and AldC 306 (S2 Fig.) . These interactions place the nicotinamide ring in proximity to the invariant catalytic 307 cysteine (Cys302 in AldA) [38] . the substrate binding sites of these ALD result in the preference of AldA for IAAld. 345 346 IAA production is disrupted in DC3000 ald mutants 347
To study the role of these ALDs in DC3000 IAA biosynthesis, we generated plasmid 348 disruption mutants in aldA (PSPTO_0092), aldB (PSPTO_2673) and aldC (PSPTO_3644) (Fig  349   S4 ). The mutant strains were not notably different from DC3000, other than exhibiting a small 350 but significant reduction in growth in NYG or HSC media (S4 Fig. E and F) . We monitored the 351 ability of each mutant strain to produce IAA in culture when provided with IAAld. Only two 352 mutants displayed reduced levels of IAA when compared to DC3000 ( Fig 5A) . The aldA mutant 353 displayed a ~75% reduction in IAA levels compared with DC3000, whereas the aldB mutants 354 exhibited a ~15% reduction in IAA levels. These results indicate that AldA and AldB proteins 355 contribute to IAA synthesis in DC3000, but that AldC does not. IAAld compared to DC3000 grown in HSC alone ( Fig 5B) . This could be due to a toxic effect of 376
IAAld at the given concentration (0.25 mM). All three ald mutant strains also displayed a similar 377 reduction in growth rates in HSC media supplemented with IAAld. 378
379

DC3000 IAA biosynthesis mutants exhibit reduced virulence on Arabidopsis thaliana 380
Previous studies indicate that auxin promotes susceptibility to DC3000 and P. syringae pv. 381 maculicola ES4326 [26-30]; however, it is unknown whether auxin produced by these strains 382 contributes to their virulence. To examine this, we assayed the aldA and aldB mutants for altered 383 virulence on A. thaliana plants. DC3000 grew to high levels when infiltrated into A. thaliana 384 plants ( Fig 6A) , while the aldA and aldB mutants exhibited a ~5-fold reduction in growth. 385
Surface inoculation experiments were also performed to monitor development of disease 386 symptoms. Plants dip-inoculated with DC3000 exhibited characteristic disease symptoms 387 consisting of many individual water-soaked lesions surrounded by yellowing of the leaf 388 (chlorosis) (Fig 6B-C) . Plants infected with the aldA mutant displayed reduced disease symptom 389 severity compared to DC3000, manifested primarily as a decrease in the percentage of leaves 390 developing high levels of chlorosis. Both the reduced IAA synthesis and reduced virulence 391 phenotypes of the aldA mutant were complemented by introduction of the wild-type aldA 392 genomic clone (S5 Fig.) , indicating that DC3000-derived IAA contributes to virulence. Plants 393 infected with the aldB mutant also displayed a reduction in symptom severity, although to a 394 lesser degree than plants infected with the aldA mutant ( Fig 6B-C) . We tested whether the ald genes have an additive effect on IAA synthesis and virulence by 408 generating an aldA aldB double mutant in DC3000. We monitored the ability of two independent 409 double mutant strains to produce IAA in culture when fed with IAAld, and observed that IAA 410 production was significantly lower in aldA aldB double mutants than in either single mutant (Fig  411   5C ). The aldA aldB double mutant also exhibited a further reduction in bacterial growth on A. 412 thaliana plants compared to the single mutants ( Fig 6A) . The additive nature of these mutant 413 phenotypes suggests that AldA and AldB contribute to DC3000 IAA biosynthesis and virulence 414 in a partially redundant manner. As the aldA aldB double mutant exhibits reduced grown in 415 minimal media (S4 Fig. E&F) , the additive effect on growth in planta may reflect a more general 416 role for ALD activity in P. syringae metabolism. 417 418
Pathogen-derived IAA suppresses SA-mediated defenses 419
IAA may contribute to pathogenesis by suppressing host defenses mediated by the defense 420 hormone SA [27, 42] . We hypothesized that if pathogen-derived IAA promotes pathogen growth 421 in planta by suppressing SA-mediated defenses, then the reduced growth of the DC3000 ald 422 mutants in planta would be associated with elevated SA-mediated defenses due to an impairment 423 in the ability to suppress SA-mediated defenses. To investigate this, we monitored the expression 424 of PR1, a commonly used marker for SA-mediated defenses in A. thaliana [29] , in plants 425
infected with wild-type DC3000 and the aldA and aldB mutants 24 hours after inoculation. PR1 426 expression was induced by 24 hrs in plants infected DC3000 compared to mock treatment (Fig  427   7A ). Expression of PR1 was significantly higher in plants infected with the aldA mutant. There 428 was also a significant increase in PR1 expression in plants infected with the aldB mutant; 429 however, this increase was not as large as observed for the aldA mutant. These results suggest 430 that DC3000-derived IAA is required for normal virulence via a mechanisms involving 431 suppression of SA-mediated defenses. Given these findings, we predicted that the growth of the ald mutants would be restored to 443 wild-type levels on A. thaliana mutants with impaired SA-mediated defenses. To test this, we 444 inoculated the sid2-2 mutant, which carries a mutation in the ICS1 SA biosynthesis gene [43], 445 with DC3000 and the ald mutants and monitored bacterial growth. Wild-type DC3000 grew to 446 higher levels in sid2-2 mutants plants than in wild-type Col-0 ( Fig 7B) , consistent with previous 447 reports that the sid2-2 mutant exhibits increased disease susceptibility to P. syringae [29, 43] . Consistent with our earlier results, the aldA and aldB mutants exhibited significantly reduced 449 growth on wild-type plants compared to DC3000; however, each mutant grew to levels 450 comparable to wild-type DC3000 on sid2-2 plants ( Fig 7B) . Thus, reduced growth of the ald 451 mutants is restored to normal levels in plants impaired for SA-mediated defenses. These results 452 suggest that DC3000-derived IAA promotes pathogen virulence by suppressing SA-mediated 453 defenses. Using precursor feeding studies we determined that DC3000 synthesizes IAA in culture via a 470 biosynthetic pathway that utilizes IAAld as an intermediate. To further investigate IAA synthesis, 471 a reverse genetic approach identified a family of ALDs that catalyze the reduction of IAAld to 472 IAA. Of this family, AldA is the enzyme primarily responsible for IAA synthesis from IAAld in 473 culture ( Fig 5) . A second enzyme, AldB also contributes to IAA synthesis, but seems less 474 important than AldA, based both on its lower activity in vitro (S3C Fig.) and on the observation 475 that IAA production by the aldB mutant is only moderately reduced ( Fig 5) . The two enzymes 476 appear to function redundantly in culture, as IAA synthesis is further reduced in the aldA aldB 477 double mutant; however, the double mutant still accumulates some IAA in cultures fed with 478
IAAld, which indicates there may be one or more additional genes encoding IAAld 479 dehydrogenase activity. Structurally, AldA shares the same overall three-dimensional fold as other ALDs (Fig 3) and 492 functions as an NAD(H)-dependent enzyme (S3C Fig.; S1 Table) . Although AldA shares ~40% 493 amino acid identity with both AldB and AldC (S2 Fig.) , kinetic analysis of AldA demonstrates a 494 distinct preference for IAAld as a substrate compared to the other two enzymes. The x-ray 495 crystal structure of AldA in complex with NAD + and IAA reveals the molecular basis for the 496 activity of this protein (Fig 4) . In the reaction sequence catalyzed by AldA, substrate binding 497 leads to conformational changes that order the active site for catalysis (S3D Fig.) . The chemical 498 mechanism would proceed as described for other aldehyde dehydrogenases [46] . alter the size, shape, hydrophobicity, and electrostatics of the binding pocket (Fig 4D-I) . Thus, 506 the evolution of the AldA substrate binding site leads to a preference for IAAld. Additional 507 studies are needed to identify the preferred substrates of AldB and AldC. Overall, the 508 biochemical and structural data presented here indicate that in P. syringae strain DC3000 AldA 509 functions as an IAAld dehydrogenase in IAA biosynthesis. This is the first identified in either 510 plants or microbes and suggests that the evolution of different metabolic routes to IAA synthesis 511 can be exploited by microbial plant pathogens. 512
513
The DC3000 IAA biosynthesis pathway 514
We propose that AldA-dependent IAA synthesis in DC3000 involves the direct conversion of 515
Trp to IAAld through TSO activity (Fig 1) , as the DC3000 genome does not encode an obvious 516 IPDC, nor do our feeding studies implicate TAM as an intermediate ( Table 1) encoding this activity has not been described. Future investigation of TSO activity in DC3000 520 will provide additional insight into IAA synthesis in P. syringae and other bacteria. 521
We also investigated the hypothesis that DC3000 utilizes the IAM pathway, as this pathway 522 is used by other IAA producing bacteria, including several Pseudomonas strains [12, 31]. Neither 523 our feeding studies, nor recent bioinformatic and genetic analyses provide support for the 524 existence of an IAM pathway in DC3000. Patten et al. [13] noted that PSPTO_0518, which is 525 annotated as encoding a TMO (Fig 1; iaaM, [33]; http://www.pseudomonas.com), shares only 526 ~30% amino acid identity with enzymes with demonstrated TMO activity. PSPTO_0518 is more 527 closely related to a second family of monooxygenases that may function in other pathways [13] . 528
Further, our observation that mutation of PSPTO_0518 does not alter accumulation of IAA in 529 cultures fed with Trp provides additional evidence for the absence of the IAM pathway in 530 DC3000 (A. Mutka, E. Mellgren and B. Kunkel, unpublished). Likewise, our feeding studies do 531 not implicate the IAN pathway as a major contributor to IAA synthesis in DC3000 (Table 1) . 532
Many Pseudomonads, including P. syringae, P. fluorescens, P. putida, and P. aeruginosa, 533
have genes predicted to encode proteins with ~90-95% sequence identity to AldA, including a 534 nearly invariant conserved IAAld binding site. A survey of The Pseudomonas Genome Data 535 Base (www.pseudomonas.com) revealed that AldA homologs are much more common in these 536 genomes than TMO, which is only found in a few P. syringae or P. savastanoi strains [13]. Thus, 537
we speculate that the AldA-dependent IAA biosynthesis pathway is the predominant IAA 538 synthesis pathway in Pseudomonads. The role of IAA production in the biology of these 539
microbes is yet to be elucidated; however, in the case of plant-associated bacteria, modification 540 of the biology of their plant hosts seems likely. Alternatively, or additionally, IAA may be 541 involved in signaling with other microbes in the soil or leaf epiphytic community [12, 19] . 542
543
What is the role of Ald(A)-dependent IAA synthesis in planta? 544
Our observation that the aldA, aldB and the aldA aldB double mutant strains exhibited both 545 reduced growth and reduced disease symptom production on A. thaliana plants ( Fig 6) suggests 546 that AldA and AldB play important roles during pathogenesis. Although the single mutants 547 exhibited slightly reduced growth in culture (S4 Fig.) , the fact they grow to high levels in sid2 548 plants (Fig 7) indicates that the reduced growth of these strains in wild type plants does not 549 reflect a general growth defect. Thus, both Ald activities contribute to DC3000 virulence on A. 550 thaliana. Kinetic comparisons indicate that AldA is more specific than AldB for IAAld; however, 551 differences in protein expression in the microbe (i.e., high levels of AldB) could allow for the 552 less efficient enzyme to contribute to IAAld conversion to IAA. We have not demonstrated that 553 one or both enzymes catalyze IAA production in planta, as it is technically difficult to distinguish 554 pathogen-derived from plant-derived auxin in plant tissue. However, it is reasonable to expect 555 that this is the case, as both Trp and IAAld are present in significant amounts in A. thaliana 556 tissue [47, 48] . 557
It is interesting to note that, even though both ald mutants exhibit a similar (~5-fold) 558 reduction in growth in planta ( Fig 6A, 7B) , the reduction in disease symptom severity caused by 559 aldA was much more pronounced than for aldB, suggesting that AldA-dependent IAA synthesis 560 is important in promoting disease symptom development. Given that our biochemical studies 561 suggest that AldB may not use IAAld as a substrate (S3C Fig.) , the exact role of AldB during Our observation that plants infected with the aldA mutant express elevated levels of PR1 565 mRNA ( Fig 7A) suggests that pathogen-derived IAA promotes virulence by suppressing SA-566 mediated defenses. Consistent with this, we also showed that growth of the aldA mutant is 567 restored to wild-type levels on SA-deficient plants ( Fig 7B) . These findings agree with results 568 from earlier studies demonstrating that exogenous application of auxin down-regulated SA-569 mediated defenses [27, 49] . 570
571
IAA plays multiple roles during pathogenesis 572
The finding that pathogen-derived IAA promotes DC3000 virulence by suppressing SA-573 mediated defenses contrasts with results from our previous studies with transgenic plants that 574 overexpress the YUCCA1 (YUC1) IAA biosynthesis gene and accumulate elevated levels of IAA 575
[50]. We observed that YUC1 overexpressing plants exhibited increased susceptibility to 576 DC3000, but that neither SA accumulation nor SA-responsive gene expression was suppressed in 577 these plants [29] . Further, plants carrying both the YUC1 overexpression construct and the sid2 578 mutation exhibited additive effects of enhanced susceptibility due to both elevated IAA and 579 impaired SA-mediated defenses. These results suggest that in these plants, IAA promotes 580 pathogen growth through mechanism that functions independently of suppression of SA-581 mediated defenses [29] . The apparent discrepancy between these studies can be resolved by 582
proposing that: 1) auxin promotes DC3000 virulence via multiple different mechanisms, and 2) 583 pathogen-derived auxin and plant-derived auxin play different roles during pathogenesis (Fig 8) . 584
Our data suggest that the stimulatory effect of AldA-dependent DC3000-synthesized IAA on 585
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AldA and IAA synthesis 28 virulence acts via suppressing SA-mediated defense signaling, while auxin produced by the plant 586 (e.g. YUC1-dependent) promotes pathogen growth via a mechanism that acts independently or 587 down-stream of SA-mediated defenses. Future studies examining the impact of the source, and 588 possibly also the form, of auxin during pathogenesis will provide important insight into the roles 589 of auxin in promoting disease development by DC3000. It will also be of interest to investigate 590 whether auxin plays multiple roles in other plant-microbe interactions. aldA mutant exhibits reduced virulence on A. thaliana and plants infected with aldA express 595 elevated SA-mediated defenses, suggesting that pathogen-derived IAA promotes virulence by 596 suppressing SA-mediated defenses. Previous studies have shown that exogenous application of 597 auxin promotes disease [26, 30] and inhibits SA-mediated defenses [27] , but that in transgenic 598 plants overexpressing the YUCCA1 (YUC1) IAA biosynthesis gene and that accumulate elevated 599 IAA, increased susceptibility to DC3000 occurs via a mechanism that does not involve 600 suppression of SA-mediated defenses [29] . Together, these observations suggest that pathogen-601 
Materials and Methods
607
Bacterial strains and plasmids 608
The bacterial strains and plasmids used in this study are summarized in Supplemental Table  609 S3. P. syringae strain DC3000 wild-type and mutant strains were grown on Nutrient Yeast 610 Glycerol Medium (NYG) [51] or Hoitkin Sinden (HS) Medium (with appropriate carbon sources 611 added) at 28°C. HS was prepared as described in [52] . Escherichia coli strains were maintained 612 on Luria Broth (LB) medium at 37°C. Antibiotics used for selection of P. syringae strains 613 include: rifampicin (Rif, 100 µg mL -1 ), kanamycin (Kan, 25 µg mL -1 ), and tetracycline (Tet, 16 614 µg mL -1 ). Antibiotics used for selection of E. coli strains were ampicillin (Amp, 100 µg mL -1 ), 615
Kan (25 µg mL -1 ) and chloramphenicol (Cm, 20 µg mL -1 ). 616
A modified version of the pJP5603 suicide vector [53], pJP5603-Tet, in which the Kan R 617 cassette was replaced with the Tet R gene, was constructed for generation of double 618 insertion/disruption mutants. The pJP5603-Tet vector was made by digesting pJP5603 with 619
XbaI and BglII to release the ~1.3kb Kan R cassette, and an ~2.9kb XbaI and BglII fragment 620 containing the Tet R gene from pME6031 was inserted in its place. 621
622
Quantification of indole-3-acetic acid (IAA) production in culture 623 P. syringae strains were grown in NYG medium with Rif in overnight cultures. Cells were 624 collected by centrifugation from each overnight culture, washed twice with 10 mM MgCl 2 , re-625 suspended at a density of ~1 x 10 7 cells mL -1 in HS minimal media containing 10 mM citrate and 626 incubated with shaking for 48 hrs at 28 °C. The culture medium was supplemented with 0.25 627 mM Trp, IAM, IAN, TAM, or IAAld, as indicated. One mL samples were taken at 24 and 48 hrs 628 after incubation, centrifuged to pellet the cells and the resulting supernatants frozen in liquid complex by molecular replacement with PHASER. Model building and refinement was as 711 described above. Data collection and refinement statistics are summarized in S2 Table. Atomic 712 coordinates and structure factors were deposited in the RCSB Protein Data Bank (www.rcsb.org) 713 as follows: AldA (5IUU); AldA•NAD + (5IUV); and AldA•NAD + •IAA (5IUW). IAAld yielded a calculated affinity of -5.9 to -4.8 kcal mol -1 . 723 724
Construction of P. syringae ald gene plasmid disruption mutants 725
To generate the aldA::pJP5603 insertion disruption strain, an ~0.5 kb SacI-XbaI genomic 726 fragment internal to the aldA (PSPTO_0092) CDS was amplified from P. syringae DC3000 727 genomic DNA with the primers 0092SacIF and 0092XbaIR (see S4 Table for primer sequences). 728
The resulting PCR fragment was cloned into the pBlunt II-TOPO vector (Invitrogen), 729
transformed into E. coli DH5a and plated on LB media containing Kan. Several pTOPO-730 0092int clones were sequenced to verify that there were no PCR-derived mutations. The genomic 731 fragment was then cloned into the pJP5603 KanR suicide vector [53] by digesting the pTOPO-732 0092int clone with SacI and XbaI and ligating the resulting genomic fragment into pJP5063 733 digested with SacI and XbaI to generate pJP5603-0092int. The pJP5603-0092int plasmid was 734 transformed into E.coli DH5a lpir and introduced into P. syringae DC3000 via bacterial 735 conjugation using the helper strain MM294A(pRK2013) (S3 Table) [61]. DC3000 trans-736 conjugates were selected for Rif r and Kan r resistance on NYG media containing Rif and Kan at 737 28 °C. The same strategy was used to generate aldB::pJP5603 and aldC::pJP5603 single mutants, 738 as well as aldA::pJP5603 aldB::pJP5603-Tet, double mutant strains. To generate double mutants, 739 a Tet R version of the pJP5603-aldB insertion disruption suicide plasmid was used (see S3 and S4 740
Tables for primers and strains). 741
Plasmid disruption of aldA by pJP5603 was confirmed by PCR using primers M13F, 742 0092seqF, and 0092seqR. Disruption of the wild-type genomic copy was verified by 743 amplification of an ~1.1 kb fragment with M13F and 0092seqF primers in the aldA:pJP56023 744
